. 2017. Evaluation of a new method for assessing resilience in urban aquatic social-ecological systems. Ecology and Society 22 (4) ABSTRACT. Urban aquatic social-ecological systems (SESs) comprise socio-technical elements, the built environment and its management, and natural elements (water bodies) that provide ecosystem services. Changed hydrology, poor stormwater quality, and the modification of water bodies associated with urban development brings challenges for maintaining ecosystem services provision in an urban aquatic SES. Water sensitive urban design (WSUD) has emerged as a form of development that aims to better support the provision of ecosystem services. Resilience concepts provide a basis for discriminating between WSUD and conventional development approaches. Building on an existing decision support system, a new, preliminary method for assessing resilience based on the combination of the socio-technical capacity (STC) and natural capacity (NC) of urban aquatic SESs has been developed. The STC score reflects a multicriteria assessment of the characteristics of stormwater infrastructure and management. The NC score reflects an assessment of the state and trajectory of biophysical attributes of the system associated with the provision of ecosystem services. By modeling a series of future urban development scenarios in Auckland, New Zealand, the method has been shown to discriminate between scenario outcomes within constraints associated with the biophysical and built characteristics modeled. Results are consistent with key concepts of resilience theory: outcomes are grouped in regimes and exhibit hysteresis, with the ability of WSUD to improve the state of the system strongly influenced by the presence of legacy effects. The method provides a source of additional, valuable information that complements other indicators by providing a snapshot of the interaction of catchment management effort and outcomes and indicating the likely future state of the SES. Recognizing that the method is limited to providing a relative assessment of resilience and adopts certain simplistic assumptions, further research aims to investigate assessment methods that consider other, fundamental biophysical and social properties of urban aquatic SESs.
INTRODUCTION
Even in urban areas, natural water bodies such as streams, rivers, and estuaries can provide a range of ecosystem services. These include regulating services, such as moderating the effects of floods and providing for the assimilation of contaminants; habitat services, for instance, for aquatic invertebrates, fish, and waterfowl; and cultural services, supporting recreational activities in situ and around the margins of water bodies (Bollund and Hunhammar 1999 , Alfsen et al. 2011 , Lundy and Wade 2011 , McDonald and Marcotullio 2011 , TEEB 2011 , Gómez-Baggethun and Barton 2013 .
However, urban development brings challenges for maintaining the provision of ecosystem services; as characteristics such as land cover and building density become increasingly urban, ecosystem service provision declines (Tratalos et al. 2007, Radford and James 2013) . Conventionally, urban areas are characterized by having a high proportion of impervious land covers, such as concrete, asphalt, and roofs, and highly modified drainage systems featuring piped stormwater networks discharging to engineered waterways (Woods Ballard et al. 2015) . In combination, the modification of the land surface and the reticulation of drainage results in the increased generation and rapid discharge of stormwater during rainfall events, increasing the frequency of elevated stream flows (Butler and Davies 2009 ). In the absence of stormwater treatment to remove contaminants such as sediment and metals discharged in urban stormwater, urban water bodies are also characterized by poor water quality (Göbel et al. 2007) while the modification of water bodies and their margins results in the degradation of habitat for aquatic fauna (Riley 1998) .
In recognition of these challenges, water sensitive urban design (WSUD) has emerged as an alternative to conventional forms of urban development. WSUD aims to integrate urban planning and water management to better manage, for example, water supply security, water quality in natural water bodies, flood risk, and amenity values of water bodies (Mouritz et al. 2006 , Hoyer et al. 2011 . Although different jurisdictions place emphasis on different aspects of WSUD (Fletcher et al. 2014) , the approach is characterized by a set of core concepts. First, WSUD aims to limit runoff and contaminant generation at source by minimizing the construction of impervious surfaces, such as roads and roofs (Hoyer et al. 2011 , Lewis et al. 2015 , Woods Ballard et al. 2015 . This can be achieved, for instance, by building clusters of multistorey dwellings to retain relatively large areas of undeveloped green space. Second, WSUD aims to maintain the functioning of natural drainage systems, rather than replacing stream networks with piped systems (Roy et al. 2008 , Lewis et al. 2015 , Sabbion and Perini 2017 . In combination, these practices aim to maintain characteristics of catchment hydrology, including infiltration, groundwater recharge, and stream flow characteristics, similar to those that existed predevelopment. Third, WSUD uses green technologies to better manage stormwater in a way that complements its approach to land use planning (Hoyer et al. 2011 , Lewis et al. 2015 , Woods Ballard et al. 2015 . The use of permeable paving, for instance, helps to promote infiltration and reduce https://www.ecologyandsociety.org/vol22/iss4/art15/ stormwater runoff. Bioretention systems, or raingardens, also provide for runoff control while providing treatment to improve stormwater quality via the removal of contaminants as stormwater infiltrates through an engineered soil media. Wetlands also provide stormwater treatment and runoff control, as well as providing habitat and amenity services. WSUD can also feature riparian planting, or the revegetation of stream banks, to improve stream habitat quality and connectivity (Lewis et al. 2015, Sabbion and Perini 2017) .
The transition to WSUD has been challenged by institutional inertia (Brown 2008) , arising partly from limited demonstration of its performance compared with alternatives (Roy et al. 2008) . Among other objectives, WSUD aims to foster resilience in water management (Wong and Brown 2009, Woods Ballard et al. 2015) , including giving water bodies the capacity to maintain ecosystem service provision at predevelopment levels in catchments undergoing urban development. In the case of urban renewal, WSUD aims to both improve the provision of ecosystem services over historical levels and afford water bodies a level of resilience that enables these improvements to be maintained. WSUD seeks to achieve these outcomes by better regulating flows and contaminant discharges, improving habitat quality and supporting cultural services. An assessment of resilience therefore provides an opportunity for discriminating between stormwaterrelated outcomes that might be achieved under WSUD and under conventional forms of urban development.
However, because resilience is often not clearly defined and may need to be inferred from indirect observations, its assessment is challenging (Carpenter et al. 2005 , Resilience Alliance 2010, Quinlan et al. 2016) . Accordingly, assessments of resilience have often been qualitative in nature (Resilience Alliance 2010, Birkmann et al. 2012 , Nemec et al. 2013 , Quinlan et al. 2016 . A number of authors have described multicriteria approaches, spanning both biophysical and social indicators, for assessing resilience (Quinlan et al. 2016) . For example, Milman and Short (2008) used questionnaires to elicit information from water managers to assign scores to aspects of six factors influencing resilience in urban water supply systems. In assessing watershed resilience to the effects of dam building, Nemec et al. (2013) reviewed historical literature sources to inform an expert-based rapid assessment method for assigning scores to a set of 11 leading ecological and social resilience indicators. As well as these qualitative approaches, significant research effort has been employed in the development and application of quantitative assessment methods and metrics. Allen et al. (2005) described methods to assess the relative resilience of ecological and other systems based on discontinuities in the distribution of functions operating within a system. In an application of these concepts, Nash et al. (2016) showed how differences in cross-scale functionality affected the resilience of reef ecosystems to climateinduced disturbances. In another approach, Scheffer et al. (2009) described how changes in autocorrelation and variance of response variables can act as early warning indicators of a reduction in system resilience. However, in an analysis of longterm ecological data, Burthe et al. (2016) reported both autocorrelation and variance to be poor predictors of system state, recommending that further research investigate the utility of a wider suite of statistical indicators as well as seeking to improve understanding of system behavior through empirical analyses and process-based modeling. Despite considerable progress in the development of approaches for quantifying resilience, Angeler and Allen (2016) commented on the continued need for novel indication and assessment methods that connect the multiple components of resilience. Quinlan et al. (2016) recommended that methods should be grounded in theory, aim to improve understanding of the system dynamics, and be context-specific.
Reflecting the opportunity afforded by resilience concepts to provide a basis for discriminating between WSUD and conventional approaches to urban development, and the call for investigation of innovative assessment methods, this paper describes and evaluates a new, preliminary method for assessing the resilience of urban water bodies to the stormwater-related effects of development. The platform for the method is a multicriteria decision support system (DSS) for assessing the impacts of alternative urban development scenarios on ecosystem services provided by freshwater and estuarine water bodies (Moores et al. 2014) . The DSS, which has been developed for, and used in, New Zealand compares the outcomes of alternative scenarios of land use change and the management of stormwater and receiving water bodies. A suite of models predicts a range of indicators of environmental, economic, social, and cultural wellbeing, consistent with the requirements of New Zealand's Resource Management Act 1991. In this paper we describe the development, application, and evaluation of a method to extend the assessment beyond the original suite of four well-being indicators to provide for an assessment of resilience.
CONCEPTUAL BACKGROUND
System definition and specified resilience Folke et al. (2010) defined a social-ecological system (SES) as an "integrated system of ecosystems and human society with reciprocal feedback and interdependence." We define an urban water body and its catchment as an "urban aquatic SES," conceptualized as comprising two sets of elements: (1) sociotechnical elements, which include built elements (urban land cover and stormwater management infrastructure that constitute stormwater source areas and conveyance, delivery, and control systems) and nonbuilt elements (governance frameworks, social capital, and actors that influence the form of urban development and stormwater management); and (2) natural elements, these being the water bodies, for example, streams, rivers, lakes, and estuaries, that provide ecosystem services. Walker et al. (2004) defined the resilience of an SES as the "capacity of a system to absorb disturbance and reorganize while undergoing change so as to still retain essentially the same function, structure, identity, and feedbacks." Folke et al. (2010) distinguished between general and specified resilience, the latter term referring to the response of particular attributes of a system to a specific set of disturbances, or as Carpenter et al. (2001) put it, the "resilience of what to what?" In the context of an urban aquatic SES, we define resilience as the "combined capacity of the socio-technical and natural elements of the system to maintain ecosystem service provision while under pressure from the effects of urban development." Although this definition recognizes that the resilience of a system is not characterized by the provision of a specific level of ecosystem services, but rather by the response Fig. 1 . Assessment of system resilience according to the combination of socio-technical and natural capacity.
of the system to changes in forcing variables, the methods described in this paper place an emphasis on assessing the resilience of a system to provide ecosystem services at their predevelopment levels. The definition incorporates the potential for socio-technical elements of the system to both moderate the effects of urban development and substitute for the provision of ecosystem services by natural elements. A stormwater treatment pond might, for instance, provide some in situ habitat services that partly substitute for the loss of a natural water body.
Assessment framework
Although social and ecological components of an SES are interconnected, an assessment of their respective contribution to system resilience can be informative as part of developing an understanding of the state of the system as a whole (Nemec et al. 2013) . From the definition given above, the resilience of an urban aquatic SES may be assessed by evaluating (1) the capacity of socio-technical elements of the system to moderate the effects of urban development; and (2) the capacity of natural elements to absorb any residual effects. Resilience is highest when effects such as the degradation of water quality are moderated by the effective treatment of stormwater and there exists a high natural capacity to absorb residual quantities of contaminants discharged to receiving water bodies ( Fig. 1) . High socio-technical capacity can be represented by a city that employs stormwater interventions at multiple locations throughout a catchment. Such an approach aims to minimize the generation of stormwater contaminants, for instance by implementing source controls at the private lot scale, as well as capturing residual contaminants in treatment devices (such as bioretention or wetlands) distributed across the stormwater network. Low socio-technical capacity might exist in a city where stormwater management follows a drainage-focused stormwater management approach, the emphasis of which is to quickly route stormwater through the network with, at best, stormwater treatment delivered through a single device at the catchment outlet. An example of a system with high natural capacity is one in which stormwater is discharged from a relatively small catchment to an extensive high-energy receiving environment. At the other end of the spectrum, natural capacity is likely to be much lower where a receiving environment is small, depositional, and receives stormwater from a relatively large and fully urbanized catchment.
Assessment of socio-technical capacity
The assessment of socio-technical capacity involves considering the way in which the built environment and related planning and Ecology and Society 22(4): 15 https://www.ecologyandsociety.org/vol22/iss4/art15/ management activities support the provision of ecosystem services by natural elements. This involves a multicriteria assessment of the extent to which various attributes found to promote resilience feature in any given urban development scenario. Moores and Semadeni-Davies (2015) evaluated resilience criteria for their relevance to the management of urban water bodies. While a range of strategies and principles that promote resilience in urban systems have been described by previous authors, most have in common the need for systems to incorporate redundancy, diversity, and adaptability in both technical and social elements (Walker and Salt 2006 , Ahern 2011 , Allan and Bryant 2011 , Albers and Deppisch 2013 . Within the context of the DSS, in which an urban aquatic social-ecological system is represented purely by its physical characteristics, Moores and Semadeni-Davies (2015) found that a number of technical criteria, especially those described by Ahern (2011) , provided the greatest utility for distinguishing between alternative urban development and stormwater management scenarios. The following five such criteria were therefore adopted for the assessment of socio-technical capacity:
. Multifunctionality: the extent to which stormwater management supports the provision of multiple ecosystem services, for instance, through regulating flows and water quality in support of habitat, provisioning, and cultural services downstream and in providing habitat services in situ;
. Modularity: the extent to which stormwater management is delivered by multiple, replicated groups of devices, for example, combinations of bioretention, wetlands, or ponds, across a range of scales;
. Redundancy: the extent to which stormwater management incorporates spare capacity to maintain its performance under changed conditions, such as increased levels of impervious land cover resulting from urban infill development and altered rainfall regimes associated with climate change;
. Diversity: the extent to which stormwater management is delivered by multiple, different devices, for example, bioretention, wetlands, or ponds, to perform across a range of environmental conditions; and . Connectivity: the extent of natural drainage networks linking headwater streams to receiving water bodies, such as estuaries or lakes, including connectivity along the margins of water bodies.
Assessment of natural capacity
The assessment of natural capacity involves considering the vulnerability of a water body to undergoing a change from its current state, or regime, to some less desirable state (Walker et al. 2004) , where regimes are distinguished both by biophysical characteristics, such as water quality and the make-up of biological communities, and the associated level of ecosystem services provided. This assessment therefore involves making predictions of the future level of ecosystem service provision, given knowledge of the current state of the system. It requires an assessment of the likelihood in the foreseeable future that one or more key biophysical attributes of the system associated with the provision of ecosystem services will undergo a change in regime, or enter a zone of increased vulnerability to effects, such as water and sediment quality degradation, arising from the discharge of stormwater. Such an assessment is based on information on the current state and trajectory of key system response variables. Figure 2 illustrates contrasting system responses to an increase in the level of urban development. Following development, system A is assessed as having low natural capacity because the state of the biophysical attribute is rapidly approaching a zone of vulnerability and, potentially, could undergo a change from Regime 1 to Regime 2 in the foreseeable future, with a resulting loss in ecosystem service provision. In contrast, system B is assessed as having high natural capacity because the state of the biophysical attribute has hardly changed over time, despite the same increase in the level of urban development. This illustration is deliberately simplistic and, although the current system state and trajectory are important sources of information, any prediction of future state is also contingent upon an understanding of the way in which a system responds to forcing variables. In the example presented in Figure 2 , a linear response is assumed. In contrast, SESs are widely understood to follow nonlinear responses, exhibit hysteresis, and be subject to crossscale interactions (Scheffer et al. 2001 , Kinzig et al. 2006 ). Recognition of uncertainty in system dynamics is therefore an important cautionary consideration when making predictions of the future level of ecosystem service provision from information on the historical and current state of a system alone.
Fig. 2.
Illustration of the way in which differences in the trajectory of biophysical attributes during the period of urban development influence the assessment of natural capacity, with system A assessed as having lower natural capacity than system B postdevelopment. Regime 2 represents a system state with reduced ecosystem service provision.
METHODS

Overview of the DSS
The DSS is a linked suite of models executed from an MS Excel platform (Moores et al. 2014) . Implementation of the DSS for a given study area involves, first, spatial definition of catchment and water body (streams and estuaries) model units and second, entering parameter values that reflect the baseline environmental condition of each of these units, derived from analysis of land Table 1 ). The specification of scenario inputs can be based on development forecasts, for instance guided by population projections, or can be completely speculative. The models embedded within the DSS make predictions of a range of indicators, including several relating to the physical and ecological condition of both riverine and estuarine water bodies. Of most relevance for the prediction of the resilience indicators are: a contaminant load model, providing estimates of annual catchment loads of sediment, copper, lead, and zinc; an estuary sediment quality model, providing estimates of estuarine sediment accumulation rates, sediment texture and sediment metal concentrations; and an urban stream Bayesian Network model, providing estimates of a range of stream and riparian ecological indicators (Moores et al. 2014 ). Predictions are made at an annual time step over a 50-year time horizon.
Calculation of resilience indicator scores
Socio-technical capacity indicator
The socio-technical capacity (STC) indicator score is the mean of scores calculated for the five criteria: multifunctionality; modularity; redundancy; diversity; and connectivity ( Fig. 3 , Table  1 ). With the exception of the connectivity score, the calculations involve the following steps. First, a "raw" score is assigned to each criterion based on the presence or level of certain characteristics that reflect DSS inputs and outputs associated with a given development scenario (Table 2) . Second, each raw score is scaled to reflect the potential spatial extent of the respective STC criterion, reflecting the proportions of the catchment occupied by conventional and WSUD forms of development. Finally, each scaled score is normalised over the range 0-1.
Raw scores for the multifunctionality, modularity, redundancy, and diversity criteria are assigned as follows. The raw multifunctionality score is the number of the following ecosystem services likely to be supported in a given scenario: water clarity; toxicity regulation; flow regulation; habitat, provisioning, and cultural services relating to receiving water bodies; and in situ habitat, provisioning, and cultural services relating to stormwater management devices. Assessments of water sensitive forms of urban development in Europe and North America have reported a high level of multifunctionality, relative to conventional approaches (Ahern 2011 , Hoyer et al. 2011 . Consistent with these assessments, higher scores are associated with more effective stormwater treatment and the use of green technologies associated with the presence of WSUD development.
The raw modularity score is the number of scales at which there are likely to be opportunities to build modularity into stormwater management. Three scales of modularity are possible: site, neighborhood, and subcatchment, all of which are assessed as being feasible under WSUD greenfield development scenarios. Modular features of WSUD include site-scale source control measures such as permeable paving and rainwater harvesting, neighborhood-scale bioretention, and treatment wetlands located at subcatchment scale (Hoyer et al. 2011 , Lewis et al. 2015 , Woods Ballard et al. 2015 . Although modularity has featured in urban renewal projects such as green alley programs in the U.S. (Ahern 
Modeled variables Loads of stormwater contaminants
Loads of sediment (T/yr), copper, lead, and zinc (kg/yr) discharged from the catchment.
Prediction of estuary sediment muddiness, sediment accumulation rate, and sediment metal concentrations by DSS estuary sediment quality model.
Estuary sediment muddiness
Indicator (range 0-1) derived from proportion (%) of estuary bed surface sediments in silt and clay grain size fractions.
Prediction of EW indicator score.
Estuary sediment accumulation rate
Indicator (range 0-1) derived from accumulation rate of estuary bed sediments (mm/yr).
Estuary benthic health
Indicator (range 0-1) derived from sediment metal concentrations (mg/kg).
Environmental Wellbeing (EW) score Indicator (range 0-1) derived from estuary sediment muddiness, sediment accumulation rate and benthic health indicators.
Prediction of natural capacity (NC) indicator score.
Stream-riparian connectivity
Indicator (range 0-1) of extent of stream bank modification derived from proportion (%) of catchment in urban land use classes.
Calculation of connectivity indicator score (for calculation of STC score).
In-stream barriers Indicator (range 0-1) of prevalence of structures such as culverts and weirs derived from proportion (%) of catchment in urban land use classes.
2011), only two scales (site and neighborhood) are assessed as being feasible under WSUD brownfield redevelopment scenarios, reflecting the more constrained, piecemeal footprint of brownfield development projects (Lewis et al. 2015) . Conventional development scenarios are assessed as providing no opportunities for modularity, reflecting the prevalence of "drainage-focused" approaches to stormwater management described above.
The raw redundancy score reflects the level of spare capacity in a given scenario and the number of ways in which spare capacity might be provided. The specification of the level of spare capacity is independent of the form of development, being selected by the user of the DSS in the range "none" to "high." This reflects the engineering principle that the design of reticulated drainage networks should routinely incorporate some level of redundancy (Butler and Davies 2009) . Three options for providing spare https://www.ecologyandsociety.org/vol22/iss4/art15/ Extent of riparian vegetation (total and managed) x Extent of channel-riparian connectivity x Extent of instream barriers x capacity are contemplated: greenfield land set-aside; the sizing of "end-of-pipe" stormwater management devices such as ponds and wetlands; and the sizing of "at-source" stormwater management devices such as rain tanks and bioretention devices. Only WSUD greenfield development scenarios provide for spare capacity to be provided in all three ways, for the following reasons. Land set-aside, which enables strategies involving the incremental addition of capacity (Semadeni-Davies 2012) does not apply to brownfield development scenarios, reflecting a likely lack of available space (Lewis et al. 2015) , while at-source sizing does not apply to conventional (non-WSUD) greenfield development scenarios because source control is a stormwater management practice associated specifically with WSUD (Lewis et al. 2015 , Woods Ballard et al. 2015 .
The raw diversity score is the number of types of stormwater treatment devices likely to be employed, with a maximum of three: wetlands, ponds, and at-source devices. The number of device types is higher in scenarios specifying relatively high levels of stormwater treatment and using green technologies associated with the presence of WSUD land use. This reflects the WSUD practice of employing stormwater "treatment trains," where a range of treatment devices are employed in series to maximize the potential for contaminant capture (Hoyer et al. 2011 , Lewis et al. 2015 , Woods Ballard et al. 2015 .
In contrast to the other criteria, the connectivity score is the average of scores estimated for four precursor variables that each already fall in the range 0-1; hence, there is no scaling or normalizing step involved in its calculation. The riparian vegetation extent score reflects the proportion of the stream network that has vegetated margins, supporting its functioning as an ecological corridor. The managed extent of riparian vegetation score reflects the proportion of the stream network subject to active restoration and maintenance. It is adopted as a proxy for the delivery of cultural ecosystem services by a stream network, with active management assumed to support greater public access, for instance through community involvement in restoration programs. The stream-riparian connectivity score reflects the degree to which stream banks are modified and is adopted as an indicator of connectivity between aquatic and terrestrial environments. Lower scores reflect hard engineering practices such as bank reinforcing and channelization, assessed as being more prevalent under conventional development scenarios than under WSUD, with its emphasis on preserving the natural characteristics of drainage networks (Roy et al. 2008 , Lewis et al. 2015 , Sabbion and Perini 2017 . The same assessment is made in relation to the final variable, the in-stream barriers score. This score reflects the prevalence of structures such as culverts and weirs that limit connectivity by acting as barriers to the movement of fish within the stream network.
Natural capacity indicator
The natural capacity (NC) indicator score is derived from the postdevelopment score and trajectory of the environmental wellbeing (EW) indicator modeled by the DSS (Fig. 3 and Table 1 ). EW is an integrating indicator that provides an overview of the biophysical condition of a receiving water body, reported on a five-category scale (low, low-medium, medium, medium-high, and high). The EW score (range 0-1) is calculated as the mean of normalized scores (also range 0-1) for a set of subindicators.
Reflecting the coastal setting of the research described here, EW was calculated from scores for three leading estuarine biophysical subindicators predicted by models embedded in the DSS: benthic health, an indicator of the condition of estuary bed macroinvertebrate communities; muddiness, the proportion of estuary bed sediments that are clay and silt sized; and sediment accumulation rate, the average annual rate of sediment deposition on the estuary bed. Because estuarine bed sediment quality and ecology are important for the provision of a range of habitat, provisioning, and cultural services (Thrush et al. 2013) , the state and trajectory of the EW score is assumed to be a reasonable source of information for assessing the capacity of the system to support ecosystem service provision. Although calculation of EW in other settings, such as lake catchments, would be based on a different set of subindicators, the same principle would apply: the EW score should reflect biophysical conditions that are influential for the provision of ecosystem services.
Ecology and Society 22(4): 15 https://www.ecologyandsociety.org/vol22/iss4/art15/ Table 3 . Natural capacity (NC) score based on combination of environmental well-being (EW) level and direction and rate of change in EW ("Med" = medium). The NC score is assessed according to the combination of the EW score at the end of the assessment period and the direction and rate of change in the EW score over the final 10 years of the assessment (Table 3 ). The rate of change in EW, calculated as [EW (year 50) -EW(year 40)]/10, is assigned to one of five categories. The categories "improvement," "no change," and "fast decline" apply where the rate of change would lead to an improvement, no change, or a one-level decline in EW, respectively, within the 10 years following the end of the 50-year model time horizon. The categories "medium decline" and "slow decline" apply where the rate of change would lead to a one-level decline in EW within a 20-and 30-year period, respectively. NC scores lie in the range 0 to 1, being highest where EW is either modeled as being "high" or projected to become "high" within 10 years. NC scores are lowest where EW is modeled as either being "low" or projected to become "low" within 10-30 years. Intermediate NC scores follow a gradient reflecting the EW score and trajectory at the time of the assessment (Table 3) .
Level of EW
Reporting of indicator scores
The STC and NC scores assessed by the DSS are plotted on a two-dimensional surface, with the STC score on the x-axis and the NC score on the y-axis (Fig. 4) . Based on the hypothesis that resilience to the effects of urban development is greatest in systems exhibiting high levels of both natural and socio-technical capacity, a more resilient outcome plots toward the upper righthand corner, while a more vulnerable one plots toward the lower left-hand corner.
Lucas Creek catchment study
Description of study area
We demonstrated and evaluated the performance of the resilience indicators by modeling a range of future urban development scenarios in the Lucas Creek catchment on the northern fringe of New Zealand's largest city, Auckland. The catchment covers an area of 37km², contains streams with a total length of 44 km and drains to the 150 ha Lucas Creek tidal inlet, an estuary of the Upper Waitemata Harbour. The catchment has undergone significant urban development since the 1960s (Fig. 5) and is relatively data rich as a result of various environmental monitoring and modeling studies. In a previous application of the DSS, assessments of changes in stream and estuarine indicators over the period 1960 to 2010 were found to correspond well with monitoring data, providing confidence in the capability of the system (Moores et al. 2014 ). In the present study, the STC score was derived from weighted-averages of the relevant urban development, stormwater management, and stream management characteristics in each of four subcatchments of the Lucas Creek catchment. Input data on historical development was derived from analysis of aerial photographs, population census data, and local government stormwater planning documents (Moores et al. 2014 ). The NC score was derived from the state and trajectory of the EW score predicted for the Lucas Creek tidal inlet receiving environment. Fig. 4 . Surface for assessment of system resilience based on its hypothesized relationship with the combination of sociotechnical and natural capacity scores (the lighter the shading, the more resilient the system state).
Urban development scenarios
The assessment considered seven urban development scenarios for the period 2010-2060, each of which accommodated identical dwelling numbers, areas of industrial and commercial land use, and increases in road traffic. The scenarios differed in terms of assumptions regarding prior development, dwelling density, the timing of development, mitigation of stormwater contaminants, Ecology and Society 22(4): 15 https://www.ecologyandsociety.org/vol22/iss4/art15/ Scenarios 3 to 6 assumed the hypothetical situation of there having been no urban development in the catchment over the 1960-2010 period. In these scenarios, the predominantly rural land use that existed in 1960 (prehistoric urban development; Fig.  5a ) was adopted as the baseline land use in 2010. Scenarios 3 and 4 assumed baseline biophysical conditions in Lucas Creek tidal inlet consistent with this rural land use while scenarios 5 and 6 adopted modified baseline biophysical conditions deliberately designed to generate a high predevelopment score for environmental well-being. The adoption of these various starting points aimed to allow comparison of resilience indicator scores calculated for situations in which there may be prior urban or rural land use legacy effects with those in which there are no legacy effects. Although all four scenarios contemplated high-density forms of residential development, Scenarios 3 and 5 adopted conventional approaches to catchment management (consistent with Scenario 1) while Scenarios 4 and 6 were consistent with WSUD principles (consistent with Scenario 2).
Scenarios 1 to 6 all involved development over the first 25 years of the study time frame of 2010-2060, with development assumed to be complete by 2035. This is broadly consistent with Auckland Council growth projections, which forecast only limited growth after this date. In contrast, Scenario 7 involved development over the second half of the study time frame, in order to investigate the influence of development phasing on resilience indicator scores. In all other respects, Scenario 7 was identical to Scenario 5, representing greenfield development with conventional catchment management in the absence of prior development legacy effects. https://www.ecologyandsociety.org/vol22/iss4/art15/ Figure 6 presents the combination of STC and NC scores assessed for the Lucas Creek study area following the urban development modeled in each of Scenarios 1 to 7. The combination of STC and NC scores associated with the historic urban land use (H) at the baseline year of 2010 is also presented for comparison with the results of Scenarios 1 and 2. No such equivalent baseline combination of STC and NC scores is shown for Scenarios 3 to 7, reflecting the fact that STC scores are not calculated unless urban land uses are present. Instead, horizontal lines showing the baseline NC scores alone associated with Scenarios 3 and 4 and Scenarios 5 to 7, respectively, provide points of reference for interpreting the results of these scenarios. Relatively low STC and NC scores of 0.2 and 0.25, respectively, were assessed as representing the study area as it was following historic development of the catchment to 2010 (H). With further conventional development, as contemplated in Scenario 1, the STC score dropped slightly while the NC score remained at 0.25. Starting from the same baseline conditions, but with new development consistent with WSUD principles (Scenario 2), the STC score increased markedly to nearly 0.8 while the NC score remained at 0.25.
RESULTS
Combinations of STC and NC scores
A higher NC score of 0.5 was associated with the predominantly rural baseline land use preceding the urban development contemplated in Scenarios 3 and 4. Following development with conventional approaches to catchment management (Scenario 3), STC and NC scores were assessed as being 0.2 and 0.25, respectively. This combination of scores is identical to that assessed following the historic development of the catchment (H) and virtually the same as that assessed for Scenario 1. In contrast, WSUD development from the rural land use baseline (Scenario 4) was assessed as having an STC score approaching the maximum value (1.0) while maintaining an NC score consistent with the predevelopment score (0.5). A similar but even more extreme contrast is evident in the results for Scenarios 5 and 6. In these scenarios, a relatively high baseline NC score of 0.75 was maintained by adopting high STC-scoring WSUD principles (Scenario 6), while the combination of markedly lower STC and NC scores assessed for conventional development (Scenario 5) was again identical to the combination following historic development (H). These same STC and NC scores were also assessed for Scenario 7, in which development was identical to that in Scenario 5 other than being delayed to the second half of the study time frame. Table 5 presents the scores for the five criteria that constitute the STC indicator. The scores for Scenarios 1, 3, 5, and 7 were similar to those following historic development: modularity and redundancy scores were zero, while multifunctionality, diversity, and connectivity scores were all relatively low, lying in the range 0.2 to 0.43. Although Scenario 1, 3, and 5 scores for multifunctionality and diversity were slightly higher than those following the historic development, the reverse was true for the connectivity score. Scores for all five criteria were markedly higher in Scenarios 2, 4, and 6. In Scenario 2 scores for the five criteria varied between 0.72 and 0.81 while in Scenarios 4 and 6 only the connectivity criterion (0.84) failed to score the maximum of 1.0.
Socio-technical capacity criteria
Natural capacity components
The EW indicator at 2060 was modeled as falling in the lowmedium category under all Scenarios, other than Scenarios 4 and 7 (medium) and Scenario 6 (medium-high). These differences reflected differences in the modeled levels of the environmental well-being subindicators benthic health and muddiness (Table 6) . Although both subindicators were generally modeled as falling in the low category, in Scenario 4 benthic health was modeled as medium, in Scenario 6 both subindicators were modeled as medium, and in Scenario 7 benthic health was modeled as lowmedium and muddiness as medium. The third subindicator of Table 6 . Natural capacity components following historic development (H) and future urban development Scenarios 1 to 7, Lucas Creek catchment. Environmental well-being (EW) and subindicators (subin.) fall into one of the following categories: low (L), low-medium (L-M), medium (M), or medium-high (M-H). The rate of change in EW is either no change (NC) or slow decline (SD).
The level of the muddiness subindicator is inversely related to the proportion of mud-sized sediments: the "low" category of the muddiness subindicator indicates a muddier, more degraded environment than the "medium" category.
environmental well-being, sediment accumulation rate, was consistently modeled as medium-high across all scenarios. With the exception of Scenario 7, the rate of change in environment well-being at 2060 fell into the "no change" category. In Scenario 7, the rate of change fell in the "slow decline" category.
DISCUSSION
Interpretation of results
The combination of the STC and NC scores following historic development of the catchment to 2010 (Fig. 6) indicates that the management of stormwater contaminants has been of limited effectiveness. Sediments and metals have accumulated in the estuary and, consequently, the urban aquatic SES has a relatively low level of resilience in its capacity to support the provision of ecosystem services. Further development of the catchment along conventional lines (Scenario 1) results in virtually no change to this situation. In contrast, the adoption of WSUD development approaches (Scenario 2) results in a marked improvement in the STC score, reflecting the transformation to a form of stormwater management characterized by multifunctionality, redundancy, modularity, and diversity and the restoration of stream network connectivity. Despite this approach building socio-technical capacity, the NC score remains unchanged from the level assessed following historic development (H). This indicates that the new way of managing development is unable to reverse the previous deterioration in the condition of the receiving environment and consequently, ecosystem service provision remains highly vulnerable.
In the remaining scenarios, predevelopment natural capacity is at moderate (Scenarios 3 and 4) or relatively high (Scenarios 5, 6, and 7) levels, indicating lower levels of sediment and metal accumulation. Development of the catchment according to conventional approaches under Scenarios 3 and 5 results in the NC score falling to the same level as assessed for the historic development situation (H), irrespective of predevelopment conditions. This indicates situations in which a failure to build socio-technical capacity into stormwater management results in a marked reduction in the resilience of the receiving environment to provide ecosystem services as sediment and metals accumulate. These scenarios simply replicate the system trajectory followed as a result of the historic development of the catchment, although the extent of the loss of natural capacity varies as a function of predevelopment conditions. Under Scenario 7, the condition of the receiving environment undergoes a less marked decline than under Scenarios 3 and 5 but, reflecting the increasing vulnerability associated with its continuing downward trajectory, the NC score is assigned the same value (0.25) as Scenarios 3 and 5.
In contrast to these Scenarios, the adoption of WSUD approaches to development (Scenarios 4 and 6) foster high levels of socio-technical capacity that enable much more effective management of stormwater contaminants. Consequently, there is less marked deterioration in receiving environment conditions under these scenarios, to the extent that, despite development, natural capacity and consequently, system resilience are maintained at the predevelopment level.
Evaluation of the method
We evaluated the performance of the method by considering three criteria: (1) its ability to discriminate between scenarios; (2) the extent to which results reflect resilience concepts; and (3) the extent to which the method enhances the utility of the DSS by providing additional information to complement that provided by other indicators. We then considered limitations and directions for further research.
Ability to discriminate
In the seven scenarios that we modeled, the STC score provided clear discrimination between alternative development approaches, varying between approximately 0.2 and 1.0. All scenarios had at least some level of stormwater treatment and riparian vegetation, avoiding STC scores in the range zero to 0.2. Despite this constraint on the lower limit, the range of scores (approximately 0.8) provides an indication that the STC score is sufficiently sensitive to discriminate between other development scenarios not considered here. Scenarios comprising hybrid conventional and WSUD developments, for instance, can be expected to have intermediate STC scores that provide a clear distinction from "pure" WSUD scenarios at one end of the spectrum and "pure" conventional scenarios at the other.
There was less marked variation in NC scores, ranging from 0.25 in all conventional development scenarios to 0.75 in Scenario 6. Although the results successfully discriminated between WSUD and conventional scenarios, the characteristics of the receiving environment constrained the range over which scores could vary. At the lower end, the minimum NC score of 0.25 reflected the https://www.ecologyandsociety.org/vol22/iss4/art15/ low-medium level of environmental well-being modeled from the levels of the three contributing components: the benthic health, muddiness, and sediment accumulation rate indicators. Despite the benthic health and muddiness indicators being at their lowest level in conventional development scenarios, the relatively high score for the sediment accumulation rate indicator prevented environmental well-being, and consequently the NC score, from falling to its lowest level. The maximum NC score of 0.75 reflected the fact that, even with the adoption of WSUD development approaches, the DSS predicted a decline in the benthic health and muddiness indicators, and consequently in environmental wellbeing, as a result of relatively low levels of sediment and metal accumulation in the receiving environment. The method is only likely to deliver an NC score in excess of 0.75 where relatively pristine predevelopment conditions exist, urban development is relatively limited in its extent, and a high level of socio-technical capacity fosters highly effective management of stormwater contaminants.
Reflection of resilience concepts
According to resilience theory, SESs are characterized as existing in multiple, distinct regimes or states (Walker et al. 2004 , Folke et al. 2010 ). An SES can move from one regime to another in response to a steady change in a forcing variable that causes the system to cross a threshold (Walker et al. 2012) . A key aspect of this characterization of SESs is that once a threshold has been crossed, the system exhibits hysteresis, such that a reversal in the forcing variable does not result in the system returning across the threshold to its original regime (Scheffer et al. 2001 , Kinzig et al. 2006 ). This characterization of the response of SESs is mimicked in the way in which the STC and NC scores interact in the Lucas Creek catchment study. In Scenarios 4 and 6, a high level of sociotechnical capacity limits the discharge of stormwater contaminants to the receiving environment, maintaining a relatively high level of natural capacity in the system. This combination of relatively high STC and NC scores can be thought of as Regime A. In Scenarios 3 and 5 and under the historic development of the catchment, low STC-scoring conventional development approaches fail to prevent the accumulation of contaminants in the receiving environment, resulting in a marked loss in the natural capacity of the system. The resultant combination of relatively low STC and NC scores can be thought of as Regime B, acting as a basin of attraction (Walker et al. 2004) at which the SES will arrive unless highly effective stormwater management is employed, irrespective of starting conditions. Movement away from Regime B appears to be constrained, consistent with the presence of hysteresis in the system response. In Scenario 2, WSUD development builds socio-technical capacity and this improves on the management of stormwater contaminants that occurred under the previous historic development phase. However, despite a marked improvement in the STC score, there is no corresponding improvement in the natural capacity of the system. This reflects the characteristics of the Lucas Creek estuary, which acts as a sink for stormwater contaminants. Better catchment management has no impact on the legacy effects of the historic development phases. Instead of a return to Regime A, the system enters a new regime, Regime C, characterized by high socio-technical capacity but low natural capacity. Notably, this ability of the method to mimic key resilience concepts is an emergent property, rather than one that was explicitly designed.
Enhancement of DSS utility
The assessment and reporting of resilience indicators provides the DSS with a way to portray, in a snap-shot, the interaction of catchment management effort and outcomes. Previously, users of the DSS were only able to compare the outcomes of different development scenarios by reflecting on the response of a range of environmental, economic, social, and cultural indicators to variations in a range of catchment management characteristics. The STC and NC scores provide integrating metrics of the form of development and system response, respectively. As we found in the Lucas Creek demonstration study, the combination of scores reveals much about the behavior of the system: for instance, its responsiveness to better management practices and the constraining influence of historical legacy effects.
Furthermore, the components upon which the scoring of the STC and NC indicators is based provide information that is not readily apparent from the original suite of four well-being indicators. The four well-being indicators are constrained to providing an assessment at a given point in time rather than expressing the potential for the system state to be maintained or improved in the future, a limitation that has been recognized in the use of sustainability indicators elsewhere (Milman and Short 2008) . Although the NC score also reflects the system state at this same point in time, it also takes account of the trajectory of the system. Although under most of the poorly scoring scenarios a low NC score reflected a low environmental well-being score, under Scenario 7, a low NC score also indicated the increasing vulnerability of a currently less-compromised system. Information reported by the DSS allows users to investigate the extent to which the trajectory of the system influences the NC score. Similarly, the reporting of the scores for the individual criteria underlying the STC score allows users of the DSS to evaluate the strengths and weaknesses of a specified scenario. Although the calculation of scores for certain of the criteria take into account common inputs, notably the extent of WSUD, there is sufficient independence between the criteria for them each to add meaning to the evaluation of a given catchment management approach. The multifunctionality and diversity scores convey information on the contribution of stormwater management devices to system resilience; the modularity and redundancy scores reflect the differing influence of green-and brownfield development on opportunities to build technical resilience into stormwater systems; and the connectivity score provides information on the contribution that stream management makes toward system resilience.
Limitations and further development
The STC and NC indicators have been explicitly developed to provide for a relative assessment of resilience that uses information readily available from inputs to, and outputs from, the DSS. However, these indicators do not attempt to provide an absolute assessment of system resilience relative to established biophysical thresholds, nor do they comprehensively capture the range of socio-technical characteristics that influence the capacity to plan for, or manage and respond to, increasing vulnerability. Furthermore, the assessment methods involve adopting deliberately simple assumptions and calculation methods, for https://www.ecologyandsociety.org/vol22/iss4/art15/ instance, projecting future indicator scores from an assumed linear system response and giving subindicators equal weighting in the calculation of indicators. Accordingly, although the results described here demonstrate the potential of the methods, they require significant further development and evaluation before application in a decision-making context. This will involve, first, investigating alternative approaches for the calculation of the NC score, for instance, using biophysical metrics such as sediment metal concentrations, which are routinely measured as part of environmental monitoring programs and for which thresholds can be derived from ecotoxicological guideline values (for example, MacDonald et al. 1996) . Further development of the methods for assessing the NC score should also investigate alternative calculation methods that account for nonlinearity in the response of systems (Scheffer et al. 2001) . Second, methods are required to allow assessment of the social components of socio-technical capacity in addition to the physically based technical criteria adopted here. Institutional characteristics, social capital, community engagement, and adaptive capacity have been found to be of key significance for the resilience of SESs and transformations in urban water management (Walker and Salt 2006 , Brown 2008 , Shandas and Messer 2008 , Collier et al. 2013 , Rijke et al. 2013 . Because these characteristics are not readily assessed from outputs of the DSS, further development of the methods for assessing the STC indicator should investigate their deployment in settings other than the application of the DSS. Finally, alternative methods for combining subindicator scores, such as the geometric mean or minimum operator (Smith 1990) , should be evaluated for their potential to better reflect the interaction between subindicators when calculating the NC and STC indicator scores.
CONCLUSION
Resilience concepts provide a novel basis for discriminating between outcomes associated with WSUD and alternative forms of urban development. We developed and evaluated a method for assessing the capacity of urban aquatic SESs to provide ecosystem services in the face of stormwater-related development effects. Consistent with the recommendations of other authors, the method considers socio-technical and ecological aspects of resilience, is grounded in theory, is context specific, and provides insights into system dynamics (Angeler and Allen 2016, Quinlan et al. 2016 ).
The method has been shown to provide discrimination between WSUD and conventional urban development scenarios, within constraints arising from the biophysical characteristics of the environment and the nature of the scenarios evaluated. In a case study evaluation of the method, WSUD scenarios were assessed as having relatively high social-technical capacity, consistent with descriptions by previous authors (Wong and Brown 2009, Woods Ballard et al. 2015) . In contrast, the results of the case study indicate that adoption of a WSUD approach may not always result in a better outcome in terms of the natural capacity of an SES. Consistent with key concepts of resilience theory, outcomes were grouped in a limited number of system states or regimes, with evidence that transformations between states exhibit hysteresis. In some scenarios, the influence of the adoption of WSUD on the state of the system was constrained by the legacy degradation of the depositional estuarine environment. This is an important point: although the socio-technical superiority of WSUD gives it the potential to perform better than conventional forms of urban development in fostering resilience in the provision of ecosystem services, such an outcome is contingent on the predevelopment state of the receiving environment. Nemec et al. (2013) described a similar response in relation to a river recovery program in a dammed watershed: despite marked improvements in aspects of social resilience, ecological aspects of resilience remained little changed as a result of the continuing impact of the dam. Elsewhere, the limited success of improved management approaches to address the effects of previous environmental degradation has been found to be a recurring characteristic of attempts to restore coastal ecosystems (Duarte et al. 2015) .
Although the resilience indicators described here have been shown to provide a source of additional, valuable information complementary to that provided by a range of other well-beingbased indicators incorporated in the DSS, they are limited to providing a relative assessment of system resilience based on simplistic approaches to characterizing system response and aggregating subindicators. Further development of the method should aim to extend the assessment of resilience by considering other fundamental biophysical and social properties of urban aquatic SESs.
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